Abstract-Due to their high strength to weight ratio and stiffness to weight ratio the use of honeycomb panels is particularly attractive in spacecraft structures. Honeycomb panels are often used in secondary satellite structures such as equipment platforms and solar arrays, but they can also be used as part of the primary structure of a satellite. Indeed honeycomb panel assemblies can be, and are, used to produce efficient and cost-effective primary structures. These types of structures have been used for some time for numerous satellites; however, their development still poses some challenges ranging from the structural performance of the panels themselves to the problem of connecting them to other panels or structural elements. These challenges are faced each time a new satellite is being developed adding cost to the design process. Furthermore, often due to strict timescales in the development process, some of the uncertainties which naturally arise from these challenges cannot always be completely addressed. To compensate for this, conservative design approaches often need to be taken with the ultimate effect of lowering the efficiency of the structure's final design. To meet these challenges and provide a better knowledge base for future satellite development projects a number of research activities have been, and are still, under way at the University of Southampton. The aim of this paper is to describe these research activities and present the key results.
INTRODUCTION
Honeycomb sandwich panels are extensively used in the aerospace industry due to their high specific strength and 1 978-1-4244-3888-4/10/$25.00 ©2010 IEEE. 2 IEEEAC paper #1001, Version 4, Updated October 19, 2009 specific stiffness properties. Other advantages offered by honeycomb sandwich construction include high damping, thermal versatility (for non-metallic cores) and low (relatively) cost. Because of these advantages, at Surrey Satellite Technology Limited (SSTL), honeycomb sandwich panels are often used in the primary structures of the spacecrafts they develop (e.g. Giove-A shown in Figure 1 ). However, the development of efficient and cost-effective spacecraft structures based on honeycomb panel assemblies still poses several challenges: gaining accurate knowledge of the structural performance of the panels, joining to other panels or structural elements, and the attachment of external equipment to the panels. The main areas of interest and improvement that stem from these challenges are briefly described in what follows. Due to the launch environment the determination of the fatigue life of the panels is of particular importance when considering their use in primary structures. In fact during launch, apart from static accelerations, the structure of the spacecraft will be subjected to severe dynamic loads. The performance of a honeycomb panel is largely defined by its core type. As well as maintaining a separation between the two face sheets to achieve the desired bending stiffness, the honeycomb core also has the role carrying out-of-plane shear stresses. Hence in order to make design decisions one of the main requirements is to determine both the static and fatigue shear strength of the honeycomb cores considered.
Honeycomb panels are normally joined via bolted joint connections. Bolted joints exhibit many advantages e.g. ease of assembly, reassemblage, repairing of damaged structural parts, and contribute to structural damping. One of the disadvantages in using bolted joints and mechanical fastenings in general is that they add more mass than other attachment methods such as welds or adhesive bonds. In a spacecraft where the primary structure consists of an assembly of honeycomb panels, bolted joints can represent a significant proportion of the mass of the structural subsystem. Considerable mass savings can thus be gained by optimizing bolted connections in terms of load carrying capability per unit mass.
The attachment of external equipment also represents a challenge since honeycomb panels are not suited to carrying point or line loads. The transmission of concentrated loads is normally accomplished by locally reinforcing the core with hard points often in the form of metallic inserts. Hence it is also important to have means of determining and improving the structural performance of inserts.
The aim of the proposed paper is to highlight the main challenges posed by the design and development of spacecraft structures using honeycomb panels and summarize the key results of the various research activities that have been carried out so far to meet these challenges.
HONEYCOMB PANELS
Honeycomb panels are advanced sandwich elements consisting of low modulus lightweight cellular (honeycomb) core sandwiched between high modulus, high strength face sheets. The assembly maximizes stiffness-to-weight ratio and bending strength-to-weight ratio, resulting in a panel structure that is particularly effective at carrying both inplane and out-of-plane loads. The sandwich construction can be thought of as an "I" beam where the face sheets are comparable with the flanges, carrying tension and compression loads, and the honeycomb core comparable to the web, carrying the shear loads. The face sheet and the honeycomb core can be either metallic or made from fiber (e.g. carbon or glass) reinforced plastic composite materials. For spacecraft application aluminium is generally used for the honeycomb core and the work presented here focuses on all aluminium sandwich construction (i.e. the both face sheets and the core).
HONEYCOMB CORES
The selection of the honeycomb core plays a major role in defining the structural performance of a honeycomb panel. Apart from maintaining a separation between the two face sheets and thus strengthen the bending stiffness of the panel, the honeycomb core also has the role carrying out-of-plane shear stresses. Honeycomb cores are generally produced via the expansion process. In this procedure stacks of ribbon foils are bonded along regularly spaced lines to form a solid unexpanded block. The stack can then be expanded to form a hexagonal celled core. The procedure results in double thickness walls along the ribbon direction (known as the L direction). The expansion direction is referred to as the W direction. Owing to the double thickness walls honeycomb cores have superior shear strength in the L direction. For spacecraft applications the cell walls are perforated to allow for venting during ascent. Noteworthy studies on the mechanical properties of honeycomb cores have been conducted by other investigators in the past. Gibson and Ashby [1] studied the in-plane stiffness of honeycomb cores according to the bending model of cell edges. Masters and Evans [2] developed a theoretical model for predicting the in-plane elastic stiffness of honeycomb cores based on the deformation of honeycomb cells. Becker [3] studied the effective in-plane stiffness of honeycomb cores and the thickness effect using the closed form description. The determination of the out-of-plane shear properties of honeycomb cores is more challenging. The exact calculation of the shear modulus can only be done numerically. By making some simplifying assumptions Kelsey et al. [4] developed a series of theoretical expressions to determine the lower and upper bounds of the two shear moduli of honeycomb cores. Grediac [5] used the finite element method to calculate the transverse shear modulus as well as the state of stress in the honeycomb walls. Mereghni [6] et al presented a new analytical method to analyze the out-ofplane stiffness of honeycomb cores based on the modified laminate theory. To present date, few studies have been conducted on the shear strength and shear failure modes of honeycomb cores. Lee et al. [7] investigated the compressive and shear deformation behavior and failure mechanism of sandwich composites consisting of Nomex honeycomb cores and 2024Al alloy face sheets. Pan et al. [8] experimentally investigated the shear deformation behavior and failure process of 5056Al alloy honeycomb cores using the single block shear test and compared the results with a theoretical model based on shear strength formulas for thin plates. However, the experimental shear strength results obtained were significantly higher than the theoretical ones. This highlights the need for further investigations in this area. Also, amongst these works none consider the behavior of honeycomb cores under in-plane shear dynamic loads.
In order to select the appropriate honeycomb core it is key to have accurate information about their structural performance. The aim of the work carried out in this area was to investigate the shear behavior of 5056Al alloy honeycomb cores under both static and fatigue loads. An extensive test campaign involving both static and fatigue single block shear tests in accordance with the American Society for Testing and Materials (ASTM) standards C273 and C394 [9, 10] respectively was thus conducted.
Material Specimens and Experimental Method
Samples incorporating an aluminum hexagonal core with designation 5/32-5056-0.0015 (which should be read as: cell size in inches -aluminum alloy -foil thickness in inches) were used for both the static and fatigue tests. This core has a density of 85 kg/m 3 and a cell size of 4 mm, and is produced in a conventional manner by expanding stacks of ribbon foils which were bonded to each other at regular intervals.
Although the main focus of the study is the honeycomb core, the test samples incorporated the entire sandwich structure which also included the face sheets. This was done to check the manufacturing quality of the panels and expose any anomalous failure modes -in particular adhesive failures between the core and the face sheets. The face sheets were bonded to the core using Redux 319 adhesive film. For both types of cores the samples were 15 mm thick and incorporate 0.5 mm thick 2014 Al alloy face skins. Both the static and fatigue test samples were sized in accordance to ASTM standard C273, and were 190 mm in length and 60 mm in width. Three sets of samples were made so that tests could be conducted for three cell orientations: the principal L and W orientations, and an orientation at 45º to the L and W directions. The last of these cell orientations is of particular interest has it can give an indication of how the structural performance of the core transitions from the L to the W orientation.
Both static and fatigue tests were conducted through a shear test fixture which is schematically shown in Fig. 4 . The force is transmitted to the sample through bonded loading plates that are subject to opposing tensile or compressive displacements which result in a shear force on the sandwich core. In order to maintain self alignment and to eliminate bending moments two universal joints are used at both ends of the test fixture. In accordance to ASTM standard C273 the plate length and the distance between the universal joints is such that the line of action of the load passes through the diagonally opposite corners of the sandwich. The test does not produce pure shear stress, but the sample length is prescribed so that secondary stresses have a minimum effect.
All the tests were conducted on an Instron 8802 universal servo-hydraulic testing machine controlled by an Instron electronic unit. The machine is equipped with a 100 kN load cell and a Linear Variable Differential Transformer (LVDT) incorporated in the cross-head to measure the stroke. For the static tests the relative motion between the bonding plates was accurately measured using a strain gage extensometer. 
Static Honeycomb Core Shear Tests
Despite the fact that the 5/32-5056-0.0015 core is a standard aerospace grade core and its shear modulus and ultimate strength values can be found in reference manuals or standards (e.g. the European Space Agency (ESA) Composite Design Handbook [11] ), static tests in the L and W orientations were conducted to confirm that the specimens matched the quoted values reasonably closely. The tests were conducted at room temperature in displacement control at a cross-head speed of 0.5 mm/min. As can be seen in Table 1 the obtained results were in good agreement with the values found in the ESA Composite Design Handbook [11] . The static test conducted on the 45° cell orientation, for which no data is available in the standards, was more interesting. Surprisingly from the tabulated results it can be seen the strength recorded for the 45º orientation is not somewhere in between the strength values of the two other orientations. In fact the value is actually slightly less than that obtained in the W orientation. Hence it appears to achieve a significant strength increment from the W orientation the loading needs to be aligned very close to the L direction.
Fatigue Honeycomb Core Shear Tests
The objective of the fatigue tests was to obtain basic knowledge of the fatigue behavior of the tested honeycomb cores by producing S-N diagrams and observing the failure modes. Again tests were conducted for the L, W, and 45° orientations. The tests were conducted at room temperature in load control at load amplitude values chosen on the basis of the static test results. For all the tests the applied load was sinusoidal with a ratio R = -1 (i.e. fully reversed). The fully reversed load profile subjects the sample to alternating tensile and compressive stresses and was chosen because it induces the highest fatigue damage and hence is representative of the most severe loading scenario. The fatigue life of the samples was characterized in terms of the number of cycles to ultimate failure. For the L configuration samples fatigue data were generated for four amplitude load levels ranging from 21% to 69% of the static ultimate load, while for the W configuration data was gathered for four load amplitude levels ranging from 35% to 86% of the static ultimate load. For all the tested samples failure was in the core and no core/face sheet debonding occurred.
The S-N fatigue curves obtained for both the L and the W orientations are both shown in Figure 6 . As expected the lifetime of the core is significantly longer in the L configuration than in the W configuration for equivalent values of stress amplitude. However, from the trendlines, it is possible to see that as stress amplitude reduces the lifetime increases more rapidly for the W configuration. Plotting these fatigue curves in terms of load level (expressed as percentage of static ultimate load) versus displacement (see Figure 7) it is possible to see that, for load levels above ~20%, the achieved lifetime for the W configuration is actually higher than for the L configuration. In this representation the slope of the W fatigue curve is 1,000 10,000 100,000 1,000,000 10,000,000 greater than the L curve and projecting the former it can be seen that the two curves intersect at about 3.5 x 10 6 cycles. This indicates that even though the core is significantly stronger in the L direction it seems to be more effective at resisting fatigue damage in W direction. By visual inspection of the failed specimens it was found that this may be attributed to the fact that crack propagation appears to be significantly inhibited by cell wall boundaries in the W orientation. During the tests the displacement amplitude of the crosshead was also recorded to see how the stiffness varied during the lifetime of the specimens. From this data it was found that there is very little variation in displacement amplitude and consequently of the sample stiffness during most of the fatigue lifetime. Any significant changes in displacement amplitude were very quickly followed by sample failure. This suggests that stiffness is probably not an effective monitoring measure for the health of honeycomb cores subject to shear loads.
BOLTED JOINT CONNECTIONS
Bolted joints are the preferred choice when connecting honeycomb panels to form spacecraft assemblies. Bolted joints exhibit many advantages e.g. ease of assembly, reassemblage, repairing of damaged structural parts, and contribute to structural damping. Because of the weakness of the core, honeycomb sandwich structures are not suited to carrying point or line loads. A local reinforcement of the core, usually in the form of one or more metallic inserts, is thus required at the panel edge where the joint is to be established. This feature adds a degree of complexity to this type of bolted joints compared to conventional ones. One of the disadvantages in using bolted joints and mechanical fastenings in general is that they add more mass than other attachment methods such as welds or adhesive bonds. In a spacecraft where the primary structure consists of an assembly of honeycomb panels, bolted joints can represent a significant proportion of the mass of the structural subsystem. Considerable mass savings can thus be gained by optimizing bolted connections in terms of load carrying capability per unit mass.
The topic of bolted joint optimization is not new and has been covered in several other works. However in most cases [12] [13] [14] the focus is always on a specific joint problem and a numerical approach (e.g. the genetic algorithm) is normally used to find an optimum solution. Here the scope is wider and rather than providing an optimization tool for a particular joint problem the aim is to provide logical procedures and numerical and experimental data which can be used to find efficient and effective joint solutions to a variety of honeycomb panel joint problems.
The development of efficient and reliable bolted joints between honeycomb panels involves the following challenges: (i) choice of optimum joint configuration in terms of number, size and distribution of bolts (ii) prediction of the stresses generated in the various joint components by the combined action of externally applied loads and the clamping pressure from bolt preload (iii) estimation of the friction coefficient between the faying surfaces of the joint. These problems and corresponding solution approaches are explored in what follows.
Shear Loaded Joints
Amongst the different types of bolted joints the shear loaded joint is the most representative and relevant type for connections between honeycomb panels. For shear loaded joints the line of action of the applied loading is parallel to the plane of the clamped parts immediately adjacent to the fastener, and hence normal to the fastener longitudinal axis. An illustration of an in-plane shear joint between honeycomb panels is shown in the following Figure: 1,000 10,000 100,000 1,000,000 10,000,000 N Load level, Famp/ Fsta,max "W" Direction "L" Direction parts due to external (transverse) loading, F Q . A bearing joint is one in which the clamped parts have slipped until the bolts "bear" the clearance holes. Bolts in this type of joint configuration are subjected to a combination of axial and shear stresses.
In many industries the friction grip option is taken for the following reasons: Provided that slip does not occur the bolt only feels tensile load due to preload. Furthermore the high bolt preload required to produce the necessary clamping force means that the bolt only feels a small portion of externally applied tensile loads, which greatly increase fatigue resistance. Another advantage is that large clearance holes can be used which facilitates assembly and interchangability. The shear joints considered here are designed to operate in friction grip conditions.
Joint Distribution
Generally, rather than a continuous joint line, the joint design will consist of discrete joint units distributed along the joint line. As well as transmitting loads the joint system must also provide an adequate level of stiffness. This can be largely controlled by the number and distribution of joint units. The joint design process may thus be approached by first defining the number and distribution of joint units on the basis of stiffness requirements and then optimizing the single joint units on the basis of the predicted maximum loads. 
Efficiency of a Joint Unit
Because bolts come in discrete sizes (e.g. M4, M5, M6, etc. for metric bolts) there is only one optimum combination of bolt size and bolt number which will maximize the efficiency of a joint under a given load. This can be illustrated by considering the particular case of in-plane joints, subject to purely in-plane loads, designed to operate in friction grip. For a friction grip joint the load carrying capability can be calculated by knowledge of the clamping force and the friction coefficient between the relevant faying surfaces of the joint via the following expression 
where F s is the external load necessary to cause slip, τ is the friction coefficient, F Mi is the bolt preload of the i th bolt, and x is the number of faying surfaces. If all the bolts in the joint are assumed to be equally loaded the expression can be rewritten as
where m is the number of bolts.
The above expression is at the basis of a bolt selection procedure outlined in the ESA manual on threaded fasteners [15] . This procedure was implemented in a system of Excel spreadsheets to show how friction grip joints with different bolt number and bolt size combinations perform under different ranges of externally applied loads. From a given bolt number and bolt material the bolt selection procedure is used to select the minimum required bolt sizes for a range of external loads. The bolt sizes are selected from a bolt database which contains information regarding preload capabilities and mass of all the listed bolts. The inserts used in friction grip joints are primarily subjected to a compressive force due to bolt preload and can thus be sized according to the type of bolt that is used in the joint. The bolt database includes the size and mass of the optimized inserts corresponding to all the listed bolts. Hence, when a bolt is selected from the bolt database it is also possible to determine the mass of the resulting joint. Using the data generated in the spreadsheets it is possible to generate plots which show how joint efficiency for different bolt number joint configurations varies with external load. An example of such a plot is shown in Figure 10 . This plot was generated using stainless steel A2/70 bolt properties and is relevant to in-plane joint configurations between two 20 mm thick honeycomb panels. The behaviour of the curves shown in the above plot can be explained as follows: While the bolt size remains unaltered the overall joint mass stays constant and consequently the efficiency increases linearly with external load. However, after a certain limit in external load is reached a step increase in bolt size is required to provide the necessary clamping force. The selection of a larger bolt size causes a sharp increase in joint mass which in turn results in a sharp decrease in joint efficiency. The process repeats again and again and is graphically represented by the sawtooth shaped curves. This is shown more clearly in Figure 11 where only one curve for the 2 bolt joint configuration is shown. The plot in Figure 10 shows that the optimum number of bolts required to maximize joint efficiency is dependent on external load; however, there is no trend towards fewer or greater bolt numbers at lower or higher values of external load. The curves start from a low efficiency due to the fact that no bolts smaller than M5 size were made available in the bolt selection database.
For each curve it can be seen that the efficiency is at its highest when the bolts are operating at a preload level close to their maximum allowable. The sawtooth curves representing the different bolt numbers are staggered meaning that the optimum number of bolts alternates over different external load ranges.
In-plane Testing of Bolted Joints
From Equation (2) it is clear that the determination of the clamping force necessary to ensure friction grip conditions requires accurate knowledge of the friction coefficients and that to minimize the no. and size of bolts required (i.e. minimize the joint mass) for a given external load the friction coefficient needs to be maximized. The friction coefficient between two faying surfaces is highly sensitive to the surface conditions and hence can only be accurately determined through tests. In view of this a test campaign was conducted in order generate friction coefficient values relevant to joint materials/components of interest, and to see which combinations could give the maximum value of friction coefficient.
Static tensile tests were conducted on bolted joints with known bolt preload values. The joints tested were composed of two 100 × 60 × 20 mm honeycomb panel blocks clamped between two 50 × 35 × 2 mm cleat plates at either side. The panel blocks structure consisted of 0.5 mm thick aluminium facing sheets sandwiching an aluminium honeycomb core designated as ¼" -5056 -0.0025". To improve bonding performance and reliability with the core the face sheet surfaces were anodised. In order to maximize the friction coefficient data that could be obtained from the experiments the panel blocks could be connected in multiple configurations. The core of the panel blocks was locally reinforced with three aluminium bobbin inserts at the bolt hole locations. Tests were carried out for three cleat plate materials: Al-alloy 7075, titanium, Al-alloy 2014. To investigate the effect of surface texture tests were also carried out for panel blocks with abraded facing sheets combined with abraded Al-alloy 7075 cleat plates and abraded titanium cleat plates. The effect of surface reuse was also investigated by repeating tests using the same material samples. For each test a washer type load cell was used to accurately preload the bolt on the slip side and two strain gauge extensometers were used to accurately measure the relative movement between the joined panel blocks. A more detailed description of this experimental campaign and the results obtained can be found in [16] . However a brief summary of the key findings is given in what follows. Relatively small variations in friction coefficient were found between the three tested cleat plate materials. For virgin and non-abraded surfaces the average nominal friction coefficient values were all in the region of 0.25-0.26. These values are slightly low considering the friction coefficient values that are generally obtained for the materials under consideration (e.g. ~ 0.3 for Al-alloy on Al-alloy). This is probably due to the thick oxide layer present on the facing sheets of the panel blocks produced by the anodizing process. The oxide layer inhibits metal to metal contact and hence significantly reduces the component of friction due to surface adhesion. Surface reuse also did not appear to have a large impact on the friction coefficient, with only moderate increases for the non-abraded parts. Surface abrasion had significant effect on friction coefficient. Here the tests relevant to virgin surfaces gave an average nominal friction coefficient value of 0.5 for the aluminium cleat plates and almost 0.6 for the titanium cleat plates. The effect of surface reuse was again mild but appeared to be reversed for the abraded test results. This may also be explained by the dominating role played by surface asperities for abraded parts which with reuse are worn down thus causing a reduction in friction coefficient.
EQUIPMENT INSERTS
Because of the weakness of the honeycomb core the transmission of loads between honeycomb panels and other structures or components is generally achieved via the introduction of hard points, often in the form of metallic inserts. Inserts can be split in two important categories depending on the method of integration into the honeycomb panel (see Figure 13) ; hence a distinction is made between hot bonded inserts and cold bonded inserts. Hot bonded inserts are integrated during sandwich panel production; whereas cold bonded inserts are potted with curing resin into an existing panel.
Figure 13 -Types of inserts.
The use of cold bonded inserts is favored by the European Space Agency (ESA), which has extensively investigated their performance, also making its findings available in its Insert Design Handbook [17] (IDH), a comprehensive manual focused on the design, manufacture and testing of these inserts. On the contrary hot bonded inserts have not been studied to the same extent. Although inserts have been widely used in the aerospace industry, little material has been published in the field of inserts [17] [18] [19] [20] and most of the published work deals with cold bonded inserts. Hence a study on hot bonded and cold bonded inserts was conducted to assess their performance and effectively compare the two insert systems. A large portion of the study was experimental and involved carrying out insert pull-out tests of appositely made samples to measure their static pull strength capability (P SS ).
Material Specimens and Experimental Method
Hot bonded insert reference samples and cold bonded insert reference samples where produced in order to conduct pull out tests. The same sandwich panel specifications were used for both of these sample types. The sandwich structure consisted of two identical aluminum face sheets 0.5 mm in thickness, sandwiching a 19 mm thick aluminum core, designated as ¼" -5056 -.0025", 6.35 mm in cell size and 83 kg/m 3 in density. All reference samples had dimensions 80 × 80 × 20 mm. The hot bonded insert reference samples incorporated a centrally located aluminum bobbin insert, 16 mm in outer diameter, 19 mm in height (i.e. same height as the core), introduced during sandwich panel production. For the cold bonded reference samples aluminum bobbin inserts were potted at the center of existing sandwich panel squares cut to match the dimensions specified above. The outer diameter has a major influence on P SS so in order to ensure a relevant comparison with the hot bonded reference samples the inserts used here were also 16 mm in outer diameter. A fully potted arrangement was sought so the insert height used for the cold bonded reference samples was 16 mm. For all the reference samples the mechanical connection could be achieved through an M5 threaded hole at the center of the insert.
All the reference samples where subjected to pull-out tests using an Instron 8802 servohydraulic testing machine. The testing was conducted in accordance with ESA guidelines outlined in the IDH. To comply with these guidelines a specifically designed test fixture was used to hold the samples and expose a free circular area 70 mm in diameter around the insert. 
Insert Pull-out Tests
For all the tested samples the insert static strength capability was taken as the peak load from the obtained loaddisplacement curves. The average static strength capability, P SS,av , obtained for the hot bonded samples was 5.6 kN and lower than the P SS,av of 6.2 kN obtained for the cold bonded samples.
A total of 23 hot bonded and 8 cold bonded samples were tested as described above. Typical load versus crosshead displacement curves obtained for both tested insert types are shown in Figure 15 . Based on the behavior of these loaddisplacement curves it is possible to split the plots shown in Figure 15 in three regions. In the first part of the plot the curves are nonlinear, which is probably a result of the establishment of contact between the samples and the test fixture. In the second part of the plot the curves show a nearly linear behavior indicating that near elastic deformation is taking place and that no significant damage is occurring. In the third part of the plot the curves are nonlinear due to the progressive damaging of the insert systems. Here, as damage takes place the slope of the curves progressively reduces until peak load is reached. Finally, the damage is so great that most of the strength is lost and the load-displacement curve drops sharply.
For all the tested samples the insert static strength capability was taken as the peak load from the obtained loaddisplacement curves. The average static strength capability, P SS,av , obtained for the hot bonded samples was 5.6 kN and lower than the P SS,av of 6.2 kN obtained for the cold bonded samples. This was unexpected since the hot bonded configuration, with the insert bonded to both face sheets, appears to be a stronger design. After testing some of the reference samples were sectioned across the center in order to check the manufacturing quality and identify failure modes. Hence it was possible to observe that for both the hot bonded and the cold bonded samples, failure initiates in the core by shear buckling of the cell walls. No manufacturing defects were detected in the sectioned samples.
In order to determine the reason behind the performance difference observed between the two insert systems a final element study was carried out [21] . The results from this study showed that the unexpectedly lower performance of the hot bonded inserts can be attributed to the stiffness of the filler material. The adhesive foam used as the filler material for the hot bonded inserts has a sensibly lower stiffness than the potting compound used in the cold bonded inserts and hence is less effective at transmitting external insert loads to the surrounding honeycomb core in an even manner. For equal filler material stiffness the finite element results showed that the hot bonded insert design performs slightly better than the cold bonded fully potted design.
CONCLUSIONS
The paper highlights some of the major challenges associated with the development of primary spacecraft structures using honeycomb panel assemblies. The various research efforts that are being carried out are described and the key findings are presented.
From the static shear tests of the honeycomb core it was observed that for the 45° cell orientation there is no strength improvement compared to the W orientation. This suggests that the load must be aligned very close to the L orientation in order to expect an appreciable increase in shear strength from the core (compared to the W orientation). This is an interesting finding and further work will be carried out to investigate this behavior and try to quantify the change in shear strength with cell orientation. As expected, from the fatigue tests it was found that for equivalent stress amplitudes, the fatigue lifetime of the specimens was longer in the L direction compared to the W direction. This is because the core has a significantly higher static ultimate strength in the L direction; however, in terms of load level (i.e. percentage of static ultimate strength) versus lifetime it was found that the core is actually more effective at resisting fatigue damage in the W orientation. By visual inspection of the failed specimens it was found that this may be attributed to the fact that crack propagation appears to be significantly inhibited by cell wall boundaries in the W orientation.
The main issues associated with connecting honeycomb panels with each other or to other structural members were looked at and an approach to the problem was proposed. A simple method to analyze the efficiency of shear joint units was proposed. A test campaign was carried out to determine the friction coefficient values that can be expected from various materials and surface treatments to the joint component elements. Due to the thick oxide layer present on the facing sheets of the panel blocks the obtained friction coefficients were slightly lower than expected. Cleat plate material did not appear to have a very significant effect on the friction coefficient, nor did surface reuse. However, it was found that surface abrasion significantly increased the friction coefficient.
For the study on equipment inserts, contrary to what was expected the experimental results showed that the cold bonded fully potted inserts outperformed the hot bonded inserts in terms of static strength capability. However, as expected, in both cases failure initiates in the honeycomb core by shear buckling of the cell walls. Using finite element it was found that this was due to the different filler material properties used for the two insert systems.
